[1] NASA's latest plans for Mars sample returns [Lawler, 2000] mean that pristine rocks from carefully selected sites on the Red Planet could be back in the Houston Space Center as early as 2014. With a mission price tag of over $2 billion, the scientists bidding for the right to analyze these samples will need to be able to offer the most powerful, sensitive, and precise techniques known, just as was done in 1969 with the lunar returned samples [e.g., Lunar Sample Analysis Planning Team, 1970] . Whether or not it turns out that Mars has, or had, living organisms on or beneath its surface, we will want to know everything we can about its molecular organic chemistry. However, until more basic information on the chemistry of the Martian surface is transmitted back from unmanned landers over the next few years, we will need to develop a wide variety of analytical approaches. These must include the distributions of isotopes, both intermolecular and intramolecular patterns, since we now know that these hold unique insights into the key planetary processes, both biotic and abiotic. Preparation for this challenge requires not only developing and testing novel analytical capabilities but also expanding our fundamental understanding of isotopic fractionation processes.
[2] Isotopes become unevenly distributed during virtually all chemical and biological transformations as well as by many processes that accompany planetary evolution. This leads to isotopic signatures that reveal the history and provenance of particular samples. All of the light elements, with the exception of phosphorus, that are most often present in organic compounds (i.e., the bioelements C, N, H, O, and S) exist as two or more stable isotopes. Even the simplest but globally important organic molecule methane, CH 4 , can be characterized by three-dimensional isotopic data:
14 C, and dD.
[3] Measurement of the elemental isotopic compositions of bulk samples of organic matter has been a routine technique for many years but generally requires significant amounts of material (mg to mg) and a specialized approach for each element. Emerging developments in analytical capability now mean that all of the above elements can be potentially measured on much smaller amounts of individual compounds (ng to mg) using a gas chromatograph coupled to an isotope ratio mass spectrometer via relatively straightforward, continuous flow combustion [Hayes et al., 1990] or pyrolysis [Burgoyne and Hayes, 1998] Boschker et al., 1998 ]. In addition, multi-isotope analyses of natural isotopic variation in microbial biomarker compounds could significantly aid studies of geologic organic matter transformation with applications in both sediment and soil biogeochemistry. For example, considerable progress has recently been made in elucidating the fate of methane in the ocean floor on the basis of the carbon isotopic composition of chemotaxonomic archaeal ether lipids. Surprisingly, the d 13 C isotopic data reveal that the methane evolved by the methanogens is consumed anaerobically by other archaea, which are very close relatives [e.g., Hinrichs et al., 1999] and thrive intimately with sulfate-reducing syntrophic bacterial partners [Boetius et al., 2000] . Similarly, for the exploration of the Deep Biosphere the isotopic signatures of other elements, particularly hydrogen and oxygen, will undoubtedly reveal heretofore hidden transfers of elements and compounds between the geosphere and biosphere. Isotopic studies of biopolymers such as nucleic acids and proteins in geologic systems will advance our understanding of the linkages between biological and geochemical processes. Industrially produced chemicals released into the environment carry distinct multi-isotope signatures introduced from the feedstocks during manufacturing. For example, compound-specific 13 C and 37 Cl values of polychlorinated biphenyls (PCBs), which accumulate in biota and sediments on a global scale, have recently been reported and may be a useful diagnostic tool for tracing their sources, transport, and ultimate fate [Jarman et al., 1998; Reddy et al., 2000] . Climate change and climate history research is perhaps the main field where isotopic analysis of multiple elements in individual organic compounds will be able to complement and expand existing isotopic databases for atmospheric gases and biominerals. For example, the carbon isotopic compositions of sedimentary haptophytederived long-chain alkenones have already been tested for partial reconstruction of ancient levels of atmospheric CO 2 . However, these and other plant and algal biochemicals also encode hydrogen and oxygen isotopes that are linked through, and give information about, the hydrologic cycle. For example, the oxygen isotope content of sedimentary alkenones could possibly give an independent assessment of climate-dependent hydrologic conditions in the oceanic euphotic zone at the time of their deposition. In lakes the deuterium content of molecules from aquatic primary producers will serve as recorders of the water's deuterium content, which is intimately linked to paleo rainfall and evaporation (Figure 1) [Sauer et al., 2001] . Similarly, studies of soil organic matter using pyrolysis techniques [e.g., Gleixner et al., 1999] combined with multielement isotope analysis will reveal new information about carbon turnover and how different agricultural practices affect the potential of soil to act as a source or sink for CO 2 .
[7] Petroleum and natural gas deposits are another case where carbon isotopes have proven very effective in delineating their sources and emplacement history. Again, hydrogen, oxygen, sulfur, and nitrogen isotopes will add further dimensions to characterization and significantly improve knowledge that directly aids exploration for and production of these resources. Related to this are the obvious applications to early Earth history and paleoenvironmental reconstruction through analysis of organic matter in Archean and Proterozoic sediments. Biomarker hydrocarbons carry carbon isotopic signatures that are informative about precursor organisms and the carbon cycle, while complementary sulfur isotopic information, carried in certain ubiquitous and abundant organosulfur compounds such as dibenzothiophene, could shed new light on carbon and sulfur cycle relationships. Presently, there is some uncertainty about how well hydrogen isotopic signatures are insulated from diagenetic overprints. If these signatures prove to be robust, there is enormous potential for the hydrogen isotopic contents of hydrocarbons to discriminate marine and terrestrial environments and to serve as proxies in paleoclimatology. As with meteorites, these studies are always subject to doubt or argument because rocks are open to invasion and/or loss of their indigenous organic components. Multielement isotopic data have already resolved some of these uncertainties.
[8] Forensic testing of flavors, drugs, and archaeological remains is another area where carbon isotopes have proven to be effective tracers of origin and history. In contrast to the exclusive use of a single isotope, the addition of degrees of variability through hydrogen, nitrogen, and oxygen isotopes is now clearly possible and heralds huge improvements in unraveling and understanding complex origins. This is illustrated by recent work of Ehleringer et al. [2000] , who used a combination of compound-specific carbon and nitrogen isotope data, compound abundances, and statistical manipulation to predict the geographical origin of 96% of a set of 200 cocaine samples (Figure 2 ). Another example of tracing the origins of individual compounds by multi-isotope approaches comes from the food industry.
The commercially important component of vanilla essence, vanillin, is now screened for its provenance using the stable isotope contents of oxygen and carbon (Figure 3 ) [Hener et al., 1998 ]. Ecosystem studies are illustrated at the dietary level by the isotopic analyses of human hair samples, predominantly the protein akeratin, shown in Figure 4 [ Macko et al., 1998 ].
[9] For the geoscience community these results from other fields are a strong indication that many widely used biomarkers contain (paleo)-environmental information encrypted in their multielement stable isotope content; for example, the ultimate provenance of terrigenous materials transported by air and rivers could be deciphered in a manner similar to that of cocaine and vanillin. Such an implementation of additional isotope dimensions may lead to profound consequences for biomarker research in general, resulting in a shift of emphasis from chemotaxonomic to process specificity.
[10] The recent development of continuous-flow techniques has made possible the transfer of chromatographic effluents via conversion reactor interfaces directly into isotope ratio mass spectrometers. Presently, for the analysis of isotope ratios of different elements in individual compounds, separate reactors and reaction con- . Truxilline and trimethoxycocaine occur as two trace alkaloids in coca leaves. In addition to the obvious benefits for forensics, this illustration demonstrates the potential value of multi-isotope biomarker approaches for the geosciences to distinguish different geographical, climatological, and ecological regimes. Furthermore, it illustrates the importance of innovative data manipulation in biomarker research, especially when multiple isotope dimensions are employed. After Ehleringer et al. [2000] . . This wide range of the absolute amount of compound to be analyzed poses a serious challenge to the gas chromatographic separation technique. Simultaneously obtaining high-quality isotopic data for H, C, and O is clearly impracticable at present, in view of the marked disparities in sample size and the requirements for multiple reactors and mass spectrometry (MS) systems. Ideally, we need a single, multipurpose reactor and a single 13 C values, even though they come from geographically widely spaced sites: Mexico and the islands of the Comores and Tahiti. The Mexican sample, however, does differ markedly in d 18 O, no doubt owing to major differences in d
18 O in the ambient water supply. Not surprisingly, major differences in both d 13 C and d 18 O are apparent in the synthetic and biotechnological products [Hener et al., 1998 ]. On the basis of their dual isotopic values, the three samples of unknown origin can be assigned to Mexico. 
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